The epidermal growth factor receptor (EGFR) is a key protein in cellular signaling, and its kinase domain (EGFR kinase) is an intensely pursued target of small-molecule drugs. Although both catalytically active and inactive conformations of EGFR kinase have been resolved crystallographically, experimental characterization of the transitions between these conformations remains difficult. Using unbiased, all-atom molecular dynamics simulations, we observed EGFR kinase spontaneously transition from the active to the socalled "Src-like inactive" conformation by way of two sets of intermediate conformations: One corresponds to a previously identified locally disordered state and the other to previously undescribed "extended" conformations, marked by the opening of the ATP-binding site between the two lobes of the kinase domain. We also simulated the protonation-dependent transition of EGFR kinase to another ["Asp-Phe-Gly-out" ("DFG-out")] inactive conformation and observed similar intermediate conformations. A key element observed in the simulated transitions is local unfolding, or "cracking," which supports a prediction of energy landscape theory. We used hydrogen-deuterium (H/D) exchange measurements to corroborate our simulations and found that the simulated intermediate conformations correlate better with the H/D exchange data than existing active or inactive EGFR kinase crystal structures. The intermediate conformations revealed by our simulations of the transition process differ significantly from the existing crystal structures and may provide unique possibilities for structure-based drug discovery.
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molten globule intermediate state | hinge unfolding | high-entropy transition state | activation loop conformations E pidermal growth factor receptor (EGFR, also known as ErbB1/Her1) kinase, the cytoplasmic kinase domain of the cell-surface receptor EGFR (1) , is a widely studied protein domain and the target of a number of small-molecule drugs used to treat a variety of cancers (2) . Crystal structures reveal that the active state of EGFR kinase shares characteristics common to almost all active protein kinases (3) . Two inactive conformations of EGFR kinase have also been obtained from crystal structures (4, 5) , one resembling the "Src-like inactive" state and one the "Asp-Phe-Gly-out" ("DFG-out") state, each of which is observed in many other protein kinases (6) .
Despite these structural findings, the transition pathways between the active and inactive states of EGFR kinase remain unclear. Like many other protein domains, EGFR kinase presumably adopts a multitude of intermediate conformations; identifying such conformations is crucial to a comprehensive, molecular-level understanding of the protein's dynamic behavior in solution. It is also possible that such intermediate conformations could be captured and stabilized by suitable small molecules, offering unique opportunities for drug discovery. Intermediate conformations of EGFR kinase, however, have not been directly observed experimentally. Molecular dynamics (MD) simulation has increasingly been used to characterize protein conformational changes and transition pathways, including those of other protein kinases (e.g., refs. 7-13). Here we report unbiased, all-atom simulations of EGFR kinase transitioning from its active state to the Src-like (4) and DFG-out (14, 15) inactive states through multiple intermediate conformations.
EGFR kinase, like other protein kinase domains, consists of an N-terminal and a C-terminal lobe (the N and C lobes), between which the ATP-binding site is located. The N lobe consists of five β-strands (β1-β5) and the αC helix, whereas the C lobe is predominantly helical, with an "activation loop" that is highly conformationally variable. In the active state of EGFR kinase (3, 5) , the αC helix is adjacent to the ATP-binding site (the "αC-in" conformation), and the catalytically important Asp831 residue of the conserved "DFG" motif is found within that site ("DFG-in"). The activation loop maintains a β9 strand and an overall conformation compatible with substrate binding (Fig. 1A) . In the Src-like inactive state of EGFR kinase, the αC helix is located farther from the ATP-binding site than it is in the active state (an "αC-out" conformation). Meanwhile, the residues of the β9 strand form a two-turn helix packed with the αC helix (Fig. 1A) . The DFG-out inactive conformation differs from the active conformation in that it features a "flipped" DFG motif, in which Phe832, instead of Asp831, is found in the ATP-binding site. In addition to these previously identified conformations, a recent study (16) found a locally disordered state, in which the αC helix is partially disordered and placed "out," whereas the activation loop remains in an active-like conformation with an intact β9 strand.
The simulations reported here show transitions between the active state and both the Src-like inactive and the DFG-out inactive states of EGFR kinase. The previously identified locally disordered state appears as an intermediate in both pathways and is followed by highly extended conformations (Fig. 2) . We also performed hydrogen-deuterium (H/D) exchange experiments, the results of which correlate well with the solvent exposure of the backbone amide groups in the locally disordered intermediate state observed in our simulations, thus supporting our computational findings. The simulations also reveal that these intermediate conformations are accompanied by local unfolding, or "cracking," at the so-called "hinge" region; this observation supports the prediction of energy landscape theory that conformational changes in proteins may require local unfolding in their transition pathways (17) . Moreover, our simulations show the extraordinary conformational flexibility of the activation loop, reflecting the unique role of this segment in the conformational dynamics of protein kinases in general.
Transition to the Src-Like Inactive Conformation. We performed three separate simulations of EGFR kinase starting from the active structure. In two of them we observed a spontaneous transition to the Src-like inactive conformation. (In the third simulation we observed a transition to the DFG-out inactive conformation, as is discussed in later sections.) One transition was completed 7 μs into a 23-μs simulation (Fig. 2D) , and the other was completed 8.7 μs into a 12-μs simulation (Fig. S1 ). In each case, once the EGFR kinase arrived at the inactive conformation, it remained there for the remainder of the simulation. In this section, our analysis focuses on the transition to the Src-like inactive conformation in the former simulation, which is qualitatively similar to that observed in the latter.
In our simulations, the active state of the EGFR monomer proved quite unstable, a result predicted by earlier findings indicating that EGFR kinase is activated only in an asymmetric dimer (5) . The Src-like inactive conformations reached in our simulations are in good agreement with the crystal structure of inactive EGFR kinase, notably in terms of the position of the αC helix and the conversion of the active conformation's activation loop β9 strand into the two-turn helix characteristic of the Srclike inactive conformation (Fig. 1B) . This is a significant conformational change, involving an ∼12-Å backbone root-meansquare deviation (RMSD) rearrangement of the residues of the two-turn helix and an ∼6-Å RMSD displacement of the αC helix.
The inactive conformations we obtained are consistent with the crystal structure not only in backbone arrangement, but also in the details of key interactions. In the active conformation of many kinases, for example, Glu738 is paired with Lys721 in a salt bridge; in the Src-like inactive conformation, Lys721 is paired with Lys836 of the two-turn helix instead. This swap of salt bridges, which crystal structures show to be common in the deactivation of many kinases, was accurately captured by our simulations. The Lys721-Lys836 salt bridge formed and remained stable once the EGFR kinase reached the Src-like inactive conformation (Fig. 2D) .
To further show that the Src-like inactive conformations reached by our simulations are consistent with their crystal structure counterpart, we simulated EGFR kinase from the inactive structure [Protein Data Bank (PDB) ID code 2GS7] for 10 μs. We found that the conformational space sampled by this simulation overlapped well with the space sampled after the simulation starting from the active conformation reached the Src-like inactive conformation (Fig. 2F) .
Intermediate Conformations. The N and C lobes are connected by a hinge region, C-terminal to β5, which includes a short loop, an αD helix, and a part of the αE helix (Fig. 2) . Our simulations showed that in the transition to the Src-like inactive conformation, the αC helix readily departed from its initial active conformation without altering the activation loop, resulting in an intermediate conformational state (Fig. 2 and Fig. S2B ) that resembles the previously identified locally disordered state of EGFR kinase (16) . This state ended ∼3.6 μs into the simulation and was followed by a hinge-like separation of the N and C lobes, yielding substantially extended conformations marked by their increased radii of gyration and solvent-accessible surface areas (SASAs).
The additional space between the two lobes allowed a rearrangement of the activation loop of ∼20 Å RMSD and ultimately allowed the formation of the two-turn helix at ∼6.2 μs (Fig. 2) . The kinase then contracted, with a decreasing radius of gyration (Fig.  2D) , and eventually settled at the Src-like inactive conformation. Notably, the extended conformations differ from the active conformation (11 Å RMSD; Fig. 2F ) more than the ensuing Src-like inactive conformation does (8 Å RMSD), indicating the difficulty in inferring intermediate transitional conformations from known starting and ending structures of a conformational change.
Cracking in the Intermediate Conformation. Conformational dynamics are of critical importance to the function of proteins (18) as dynamic entities (19) . Conformational transitions from an "open" state to a "closed" state (20) are common to many proteins. Miyashita et al. proposed that local protein unfolding, or cracking, is a common characteristic of these transitions in crossing freeenergy barriers (17) . They argued that cracking may lower the freeenergy barrier of the conformational change and that the entropic gain resulting from the greater number of accessible conformations may overcome the enthalpic loss due to the disruption of favorable contacts that results from unfolding. Various models were subsequently developed to demonstrate the cracking mechanism (20, 21) , but cracking has only rarely been observed in fully atomistic simulations of protein conformational changes without using artificial biasing forces (22) .
In our simulations of EGFR kinase, we observed that the extended conformations were accompanied by spontaneous cracking at the hinge region. During cracking, the region's helical structures, particularly those of the αD and αE helices, tended to dissolve, leading to a decreased number of helical residues (Fig. 2B) . Below, we show that similar cracking at this region was also observed in EGFR kinase's transition to the DFG-out inactive conformation.
It has been proposed that cracking facilitates conformational changes in proteins by raising conformational entropy, thereby lowering the free energy of the transition state (17, 23) . We thus measured conformational fluctuations, which are indicative of conformational entropy, in the EGFR kinase simulations. We found a surge of conformational fluctuations in the extended conformations, especially near the activation loop and in the hinge region (Fig. 2E ). This is broadly consistent with a cracking mechanism, although the precise location of the transition state is unclear. The coupling of the activation loop and the hinge region in conformational fluctuation may be understood structurally: Cracking at the hinge region leads to a separation of the N and C lobes, making additional volume accessible to the activation loop, which is located between the two lobes. At ∼7 μs, after the completion of EGFR kinase's transition to the Src-like inactive conformation and the accompanying reduction in its radius of gyration, the high conformational entropy subsided and the cracked helices began to recover ( Fig. 2 D 
and E).
Corroboration from Hydrogen-Deuterium Exchange Experiments.
Seeking experimental corroboration of the intermediate conformations of EGFR kinase generated by our simulations, we analyzed our simulation trajectory in light of the data from H/D exchange experiments. For each snapshot of the 27-μs simulation, we calculated the SASA of each residue's backbone amide groups and calculated their correlation coefficient, R 2 , to the H/D exchange profile of EGFR kinase. (The amide SASA profiles were averaged over 1 μs before they were correlated with the H/D exchange data.) We observed a peak correlation (R 2 = 0.56) between 2.6 and 3.6 μs of simulation time (Fig. 3) , the period during which the EGFR kinase adopted the locally disordered conformations (Fig. 2) . This correlation of the simulation-generated intermediate conformations to the H/D exchange profile was higher than that of the crystallographically determined active conformation (R 2 = 0.48) or the Src-like inactive conformation (R 2 = 0.35), lending additional experimental support to the simulations.
Proteins in solution exist in multiple conformations; active and Src-like inactive conformations of EGFR kinase presumably coexist, collectively determining overall H/D exchange. A combination of the amide SASA profiles of these conformations, optimized to reflect their Boltzmann weights, could thus potentially correlate with the H/D exchange data better than either conformation individually. Our analysis, however, showed that such a combination yielded a maximum correlation of R 2 = 0.49-a negligible improvement from that of the active conformation alone (Fig. S3) and lower than the correlation of the intermediate conformation (R 2 = 0.56). The relatively poor correlation of the weighted combination of the active and the Src-like inactive crystal structures to the H/D exchange profile is consistent with the importance of the locally disordered state in the conformational equilibrium of EGFR kinase. Analysis based on the slow binding of lapatinib suggested that the locally disordered state may be prevalent for monomeric EGFR kinases, whereas the Boltzmann weight of the Src-like inactive conformation may be low (16) . Although this disordered state was relatively transient in the simulations reported here (Fig. 2 ), this appears to be an artifact of the force field we used, which may not be sufficiently accurate for a reliable estimate of the Boltzmman weight of a conformational state. The relatively poor correlation may also be explained, in part, by the fact that the active conformation of EGFR kinase is viable only in dimers (5), but the effect of dimerization on H/D exchange is not accounted for in the analysis.
Src-Like Inactive Conformation as an Intermediate Conformation of the DFG Flip. In a third simulation of EGFR kinase starting from its active conformation, we protonated the Asp residue of the DFG motif after ∼17 μs. At ∼32 μs we observed the completion of a transition to the DFG-out inactive conformation (Fig. 4) . In Abl kinase, MD simulations combined with experimental work have previously shown that protonation of the Asp residue promotes a DFG flip and favors the DFG-out conformation (24) and that the DFG flip is coupled with large-scale motion of the αC helix (25) . Overall conservation of both sequence and structure in the regions adjacent to the DFG motif strongly suggests that the protonation dependence of the DFG flip is conserved in many protein tyrosine kinases, including EGFR kinase. In the present simulation, the DFG flip finished only after Asp831 was protonated (Methods). Our estimation of pK a (26) , based on the (heavy-atom) conformations, shows a significant increase in the pK a of Asp831 accompanying the DFG flip in the simulation (Fig.  S4) ; this observation is consistent with the notion that the DFG flip is protonation dependent.
An increasing number of crystal structures of EGFR kinase in the DFG-out conformation have been resolved (14, 15) , suggesting that this conformation may be common for the kinase in solution. A generalized Born estimation of conformational free energy (27) (Fig. S4) suggests that the free energy of the DFG-out conformation is comparable to that of the DFG-in and that transitions between these conformations involve crossing a freeenergy barrier. The simulation also showed substantial motion of the activation loop accompanying the DFG flip. Starting from the active conformation, the activation loop underwent a dramatic rearrangement of more than 20 Å RMSD, arriving at a so-called "autoinhibitory conformation," previously seen in IRK kinase (28) , in which the activation loop is folded onto the kinase substrate-binding site (Fig. 5B) . Notably, in our simulation, the Src-like inactive conformation was an intermediate in the DFG flip (Fig. 4) , confirming an earlier prediction by Levinson et al. based upon their analysis of Abl crystal structures (25) . At the completion of the DFG flip, the activation loop returned to the starting conformation by way of a reverse conformational arrangement of ∼20 Å RMSD, during which the β9 strand was recovered ( Fig. 5A; event 3 in Fig. 4C, Bottom) . The ending conformation of the present simulation is highly consistent with the DFG-out crystal structure (PDB ID code 2RF9) of EGFR kinase, which also maintains an intact β9 strand.
As in the transition to the Src-like inactive conformations, we observed cracking at the hinge region in the rearrangement of the activation loop during the DFG flip. The cracking allowed substantial movement of the N and the C lobes with respect to one another, which is required for the DFG flip (Fig. 4) . Analogously to the transition toward the Src-like inactive conformation, the completion of the DFG flip was followed by an overall contraction of the protein (Fig. 4C ) and a reconstitution of the helical structure at the hinge region.
Conformational Variability of the Activation Loop. Activation loops in protein kinases are known for their central role in kinase regulation and in the binding of kinase drugs. Modeling the conformation of the activation loop is thus highly desirable, but such characterization is challenging due to the region's conformational variability, which renders it unresolved in many kinase crystal structures. Broadly, four conformations of the activation loop (Fig. 5) , which may differ from each other by as much as 20 Å RMSD, are seen in available kinase structures: active, Srclike inactive, substrate competitive, and detached. Although the latter two conformations have not, to our knowledge, been captured in EGFR kinase crystal structures, we observed them in our simulations.
The activation loop's active conformation, which includes the β9 strand, is shared by almost all protein kinases, whereas its inactive conformations vary a great deal among different kinases. The Src-like inactive conformation is seen in many kinases, including Src, Abl, CDK2, and EGFR. The substrate-competitive conformation, which features an activation loop positioned toward the hinge and a shielded substrate-binding site, is adopted by IRK, Abl, Src, and p38 MAP kinases, among others. In the detached conformation, the activation loop, especially its short αEF helix, is detached from the main body of the kinase. This conformation is typically seen in kinase dimers in which the activation loops engage in domain swapping, which may underlie transkinase autophosphorylation (29, 30) . Our simulations have captured multiple conformational changes of the activation loop in EGFR kinase, some of which have not yet been seen in crystal structures. We observed the activation loop in the substrate-competitive conformation (Fig. 5B ), for instance, as an intermediate during the DFG flip. The detached conformation was observed from 0.3 to 0.8 μs during the 12-μs simulation, in which the activation loop eventually settled into the Src-like inactive conformation. In the detached conformation, the αEF helix near the activation loop's C terminus was dislodged, and the activation loop itself assumed an extended conformation away from the main body of the kinase (Fig. 5C ). Although transient and highly flexible in our simulation, this conformation could potentially be stabilized by a dimerization partner.
The activation loop also visited other conformations in the simulations. In one such conformation, for example, the middle section of the loop formed a four-turn helix, reminiscent of a helix in the activation loop of MPSK1 kinase (PDB ID code 2BUJ). This conformation (Fig. 5D) , which lasted ∼3 μs (17.5-20.5 μs) in the 23-μs simulation, is intriguing because the helix puts Tyr845, a well-known phosphorylation site of EGFR kinase, in an entirely exposed position along with a group of glutamate residues (Glu865, Glu866, Glu868, and Glu872). The resemblance of this arrangement to poly(Glu4Tyr) peptide, a favorable peptide substrate of tyrosine kinases, raises the possibility that this helical conformation of the activation loop might be involved in the phosphorylation of Tyr845.
Discussion
In the present study, conformational transitions associated with the deactivation of EGFR kinase were simulated in atomic detail using unbiased MD. The fact that both Src-like and DFG-out inactive conformations of EGFR kinase were generated without using prior crystallographic information demonstrates the increasing potential of MD simulations in the prediction of protein conformations.
The simulations suggest a set of highly extended conformations in the transition pathway. These extended conformations are crucial to the overall conformational changes of EGFR kinase: They separate the N and C lobes, thus making room for a rearrangement of the activation loop. Perhaps surprisingly, by many measurements (including backbone RMSD), the starting, active conformation of EGFR kinase differs more from the intermediate conformations than from the ending conformations (Fig. 2F) . This highlights the underlying difficulty in inferring intermediate conformations from ending conformations using methods such as biased MD simulations (SI Methods and Fig. S5 ). The intermediate conformations are difficult to characterize experimentally because of their low Boltzmann weights. They are, however, potentially important in the regulation and function of protein kinases, for instance by exposing the activation loop for phosphorylation, a process known to be central to kinase regulation.
Protein kinase activation loops are extremely conformationally flexible, a trait reflected in many crystal structures. This flexibility is associated with the activation loop's role as a critical element in protein kinase regulation: Its phosphorylation stabilizes the kinase's conformation and enables robust protein kinase activity (6) . Our simulations illustrated the EGFR kinase activation loop's extraordinary flexibility, beyond that exhibited in existing crystal structures (Fig. 5) . Moreover, our simulations showed that, even in the process of a seemingly local conformational change like the DFG flip, the activation loop routinely undergoes conformational changes of as much as 20 Å RMSD.
Protein conformational changes are sometimes seen as concerted motions of structurally well-maintained subunits, while the protein as a whole remains structurally intact in a compact and native-like state in the process. Recently, however, it has been proposed that local partial unfolding (cracking) may occur during protein conformational changes, reducing the energy barriers to the protein's global motions (17) . In our simulations, cracking was indeed observed in the vicinity of the hinge region linking the N and C lobes; this led to highly extended conformations, which the kinase visited while interconverting between its active and Srclike inactive conformations. These simulations are among the few examples thus far of spontaneous cracking being directly observed in unbiased atomistic simulations (22) . Importantly, the simulations suggest that a protein may need to significantly deviate from its relatively compact native-like conformation in the process of a conformational change. It is also worth noting that, in our simulations, cracking was observed only on the microsecond timescale. Our results suggest that to determine whether cracking accompanies a protein conformational change, simulations of this timescale may sometimes be needed even when biasing forces are applied.
In previous work (16), we showed that EGFR kinase has a locally disordered state and that cancer mutations in EGFR kinase suppress this disordered state, leading to elevated levels of EGFR dimerization and activation. In the present study, the disordered conformations were observed in the transition from the active to the Src-like inactive conformation (Fig. 2) . Moreover, these conformations were found to correlate well with the H/D exchange profile of EGFR kinase, consistent with a significant Boltzmann weight for the locally disordered state, as was previously inferred from the binding kinetics of lapatinib (16) . It should be noted that, although the disordered conformations in our present simulations closely resemble their counterparts from the previous simulations overall, the helicity of the αC-helix segment appeared more robust in the present simulations (Fig.  S2) , presumably due to subtle differences in the force fields we used. [We used the CHARMM22* force field (31) in the present study and an Amber force field (32, 33) in the previous one.] Although the force field used here appears to exaggerate the stability of the Src-like and DFG-out inactive states relative to the locally disordered state, and thus likely accelerates the rate of transitions to these states, this does allow simulation of the conformational changes in a reasonable time.
The catalytic cycle of a protein kinase involves micro-to millisecond conformational changes accompanying nucleotide binding or release (34) . It has previously been proposed that such conformational changes may involve DFG flips in response to local electrostatic changes in the catalytic cycle (24) . We speculate that normal tyrosine kinase catalysis also requires access to the DFG flip's highly extended conformations. This conjecture is in part inspired by the autoinhibition of Src and Abl kinases by SH2 and SH3 domains that bind at the "back" of the kinase domain (35) (36) (37) . Because the binding to SH2 and SH3 obstructs neither ATP nor substrate binding directly, how the catalytic domain is inhibited remains somewhat puzzling. On the basis of the present simulations, we suggest that the inhibition could be realized by the SH2 and SH3 domains serving as a rigid clamp (38) that restrains the kinase domain and hinders the movement of its N and C lobes. In a similar fashion, the FGF receptor and ZAP70 kinases may be autoinhibited (39, 40) by so-called "molecular brakes" near the hinge region, which restrain the hinge region and ultimately the two kinase lobes.
Methods
We performed all-atom molecular dynamics simulations of EGFR kinase, with water represented explicitly, using the CHARMM22* force field (31) and threepoint (TIP3P) water model (41, 42) on Anton (43), a special-purpose machine. The cubic simulated systems of 82.5 Å per side were solvated in water with 0.15 M NaCl; they contained 51,000 atoms. The simulations were initiated from the active structure of EGFR kinase (PDB ID code 2ITP).
The simulation of a DFG flip consisted of two consecutive simulations: one starting from the active structure of EGFR kinase and the other starting from the end conformation of the first simulation. In the second simulation, Asp831 was protonated.
The simulations were performed in the constant pressure and temperature (NPT) ensemble with T = 310 K, P = 1 bar, and Berendsen's coupling scheme (44) with one temperature group. Water molecules and all bond lengths to hydrogen atoms were constrained using M-SHAKE (45) . Van der Waals and short-range electrostatic interactions were cut off at 12.5 Å. Long-range electrostatic interactions were calculated using the k-space Gaussian Split Ewald method (46) with a 64 × 64 × 64 mesh. The simulation time step was 2.5 fs; the r-RESPA integration method was used, with long-range electrostatics evaluated every 5 fs (47) . No artificial (biasing) forces were applied. A detailed description of the H/D exchange experiment is available elsewhere (16) .
